Subsurface Sensing Technologies and Applications Vol. 2, No. 4, October 2001 (02001)

Microwave Aquametry: An Effective Tool for
Nondestructive Moisture Sensing

Andrzej Kraszewski

United States Department of Agriculture, Agricultural Research Service,
Richard B. Russell Agricultural Research Center, Athens,
Georgia 30604-5677.

Received June 20, 2001 ; revised August 28, 2001

Moisture content in solid, granular and pulverized materials is one of the most important
material parameters during production, trading, processing and storage of those materials.
Recent advances in application of microwave measuring techniques to nondestructive determi-
nation of moisture content are reviewed, with a special emphasis being put on a newly devel-
oped concept of a density-independent calibration. It is concluded that those techniques
provide accurate, fast and nondestructive means for moisture content testing in such materials
and satisfy requirements of automated industrial processes, scientific laboratories, material
mass storage, personnel safety and long-term transport.
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1. Introduction

The term “aquametry” is used here as a synonym of: “measurement
of moisture content in solid and liquid materials,” analogous to
“hygrometry”” which is a well established branch of metrology devoted to
“measurement of water vapor content in gases, mainly in air.” The adjective
“microwave” in the title of this paper indicates that it will be concerned
with moisture content measurement of solids and liquids using methods
and instrumentation derived from classical microwave techniques (resonant
cavities, waveguide, transmission line, free-space measurements). The sub-
ject of interest for microwave aquametry is searching solids of different form
and structure as well as liquids containing water for identification of their
properties when placed in electromagnetic fields of radio and microwave
frequencies (attenuation, reflection, phase angle, shift of resonant frequency,
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etc.). In this aspect microwave aquametry utilizes some physical theories on
dielectric mixtures and bound water. But microwave aquametry has also
strictly defined practical objectives, namely quantitative measurements of
water content in materials, which are important from an economic point of
view. Since water occurs in most materials in nature as a natural component
of the material or is introduced during technological processes, it is quite
obvious that measurement and control of moisture content have great econ-
omic and technical importance. Domination of the practical aims over the
cognitive purposes influenced the development of microwave aquametry in
the past and have also a serious impact on its present state. The purpose of
this paper is to present in more detail some of the recent developments in
the field, intending to sketch the picture rather than paint it accurately and
showing all its colors and complicated components.

Typical nondestructive techniques for determining moisture content
in material consist of measuring the electrical properties of the material in
a sample holder and relating these properties to the moisture content. These
techniques have their roots at the beginning of the twentieth century when
the possibility of rapid determination of moisture content in grain by meas-
uring the dc resistance between two metal electrodes inserted into the grain
sample was established [1]. This resistance was found to vary with moisture
content. Later, samples of wet materials were placed in the path of an elec-
tromagnetic wave between two horn antennas and the simple relationship
between the propagation constant and the amount of water was easily deter-
mined. Both the simplicity of the measuring arrangement and practical util-
ity of the results were fascinating. Because of the particular properties of
microwave radiation, (frequencies between 1 GHz and 100 GHz), the new
method appeared to surpass all other previous methods for measuring
moisture content in solids, such as chemical methods, methods using radio-
frequencies (several MHz), infrared and ionizing radiation. The following
advantages were obvious since the early experiments:

(a) contrary to lower frequencies, the dc conductivity effects on
material properties can be neglected;

(b) penetration depth is much larger than that of infrared radiation
and permits the probing of a significant volume of material being
transported on a conveyor or in a pipe;

(c) physical contact between the equipment and the material under
test is not required, allowing on-line continuous and remote
moisture sensing;

(d) in contrast to infrared radiation, it is relatively insensitive to
environmental conditions, thus dust and water vapor in indus-
trial facilities do not affect the measurement;
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(e) in contrast to ionizing radiation, microwave methods are much
safer and very fast;

(f) water reacts specifically with certain frequencies in the microwave
region (relaxation) allowing even small amounts of water to be
detected;

(g) contrary to chemical methods, it does not alter or contaminate
the test material, thus the measurement is nondestructive.

These features combined with great potential savings in fuel, energy, man-
power and improvement of the quality of products resulting from the appli-
cation of moisture content measurement and control, created a powerful
incentive for research and equipment development all over the world.

In the mid-sixties several manufacturers of microwave moisture met-
ers were established on the market. Among them were SCANPRO'AB in
Sweden, AEI and RANK Precision Industries Ltd. in Great Britain,
UNIPAN/WILMER in Poland, KAY-RAY in the U.S. (who expanded
its line of nuclear radiation meters to include microwave instruments), and
COMPUR AG in Germany (who produced meters based on research by
Bayer AG). There were new companies being created and old ones bought
by others; successful projects were developed and others closed and forgot-
ten; but fascination with the potential of the technology has lasted with
varying intensity to this day. The state of knowledge on the subject was
summarized several times during the years [2—6]. The first meeting devoted
to the exchange of ideas on the subject took place in 1980. The list of papers
published at that time exceeded 400 [5]. Professional meetings took place
more frequently in the late eighties and a tradition of annual meetings
(Feuchtetage) was established in Germany [7,8]. Later another meeting of
more international character was established, namely the IEEE Inter-
national Microwave Symposium Workshop on Electromagnetic Wave
Interaction with Water and Moist Substances in 1993 in Atlanta [9], in 1996
in San Francisco [10,12], in 1999 in Athens, Georgia [11], and recently in
Weimar, Germany [13].

The total number of microwave moisture meters manufactured dur-
ing the last forty years throughout the world is unknown. The total invest-
ment in research on the adaptation of microwave techniques to aquametric
purposes and the number of unsuccessful projects also remain unknown.
But the bibliography of the subject, on both physical background and prac-
tical application contains well over one thousand entries [5,8,9,12] and does
not cover internal reports of proprietary character nor contributions to
closed or semiclosed conferences and seminars, (the full text of which were
not published in the generally accessible literature). A recent survey indi-
cated existence of over thirty companies involved in manufacturing and
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applying moisture meters based on the measurement of microwave param-
eters [12]. Eleven countries on three continents are represented and materials
involved extend from sand to paper and from grain and soil to living fish.
This list provides evidence that microwave aquametry is not only a subject
of academic discussions and dissertations, but also an accepted tool in the
field of nondestructive moisture monitoring and control in modern factories
and laboratories.

2. Principles and Definitions

The moisture content of material may be defined on a wet basis
(w.b.) as a ratio of the mass of water, m,,, to the mass of the moist material,
m”’l’

m,, m,,
= s T M

my, m,, +my

¢

or, on a dry basis (d.b.), as a ratio of the mass of water in the material to
the mass of dry material, m,,

m,, _ my, —mg

n= ()

mgy my

Most often the quantities & and n are expressed in percentage. The defi-
nition expressed by Eq. (1) is most frequently used in practice, and when
the concept of moisture content is related to a certain volume of material,
v, it can be rewritten as follows:

_ o omy/v _ k _k
my/v+mgf/v k+g p
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where k is the partial density of water, g is the partial density of dry mater-
ial, and p is the density of moist material. Other relationships resulting from
Egs. (1)-(3) are:
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There are many parameters of materials that can be correlated with the
density of water in the material, k, but from Eq. (3) it is obvious that fluc-
tuations in the material density, p, have as much influence on moisture
content as the variation in k. This observation is universal, because this
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disturbing effect of material density does not depend on the electrical
method applied for moisture content determination. Thus, when & is deter-
mined from electrical measurement, determination of moisture content from
Eqgs. (1) or (3) requires that p be known. This information can be obtained
by keeping the mass of moist material in the measuring space constant dur-
ing the calibration as well as during the measuring procedure; or by per-
forming separate density measurements, for example by weighing a sample
of given volume, or by using y-ray density gauge. A third approach is to
use a density-independent function, an expression relating the moisture con-
tent with electrical properties of the material independent of density and to
eliminate, or seriously limit, the density effect in moisture content measure-
ments. It might be interesting to note that in many cases the dry basis moist-
ure content is linearly related to the measured electromagnetic quantities,
while the wet basis moisture content exhibits quite nonlinear relationship.
In such cases it is wise to calibrate the system for dry basis moisture content
and then transform the results of measurement to the moisture content on
the wet basis required in many branches of industry.

Standard methods of moisture content determination are direct
methods, based on the definitions of Eqs. (1) or (2) and performed in labora-
tories according to procedures described in formal documents of national
or international character. The most often used method involves weighing
a sample of moist material, removing water by evaporation and reweighing
the remaining dry material; another (the Karl Fischer method) uses extrac-
tion and chemical titration. The whole procedure is precisely described, giv-
ing time and temperature of drying, exact amount of chemicals to be used,
etc. These methods are accurate but do not provide rapid results. Drying
for up to three days is required in some cases. For rapid moisture content
determination and monitoring, indirect methods calibrated against the stan-
dard methods have been used, and the method using measurement of micro-
wave properties of moist material is one of them.

Interaction of an electromagnetic wave with moist material can be
expressed in terms of the complex value of the propagation constant of the
wave in a dielectric medium as

2
y= a+jﬁ=17"¢e ~p 5)

where €= €' —j&" is the relative permittivity of the medium, where €' is the
dielectric constant and &" is the loss factor, and p = (A/A.)’, where A and
A. denote free-space and waveguide cut-off wavelengths, respectively. Eq.
(5) may be solved for two components of the propagation constant being
expressed as:
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for the attenuation constant

2 "=
a=" [E2P
A 2

for the phase constant
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8=\ /1+(£,_p) 1 [rad/m] ©

In free space, where p =0, the following approximate expressions can be
used to relate the electromagnetic wave propagation to the properties of
moist materials, assuming that £ >&"> which is valid in most practical
situations,

1+( L )—1 [Np/m]
g -p

e JE-1
A Ve Ve +1

where I is the voltage reflection coefficient from the surface of the moist
material. Thus, by measuring the more practical quantities,

5227"\@ and ||= (7)

A=201log|1| =8.686ad [dB]

and

0= (B—Bod = 27" (VE—1)+n360 [deg] ®)

where A4 is the attenuation of the material sample in decibels and @ is the
phase shift in degrees; 3o is the phase constant in free space; n is an integer
to be determined when the thickness d of the material layer is greater than
the wavelength in the material, and the transmission coefficient |T|=
exp(—ad). The integer n can be found by repeating the measurement with
samples of different thickness or by taking the measurements at two fre-
quencies [14]. It is clear from the above that the parameters of the electro-
magnetic wave are affected by the material relative permittivity which in
turn is related to the water content in the material. It is true, however, that
the relative permittivity also depends on material temperature, density,
shape and dimensions of its particles, chemical composition, etc. [15]. This
is where the real troubles start and the science of aquametry begins.
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3. Instrumentation

All instruments manufactured recently contain modern microwave
integrated circuitry, high speed signal processors and efficient power sup-
plies, and are equipped with modern microcomputers (often operating on
the Windows platform), with modems, high capacity data storage and other
gadgets typical of modern measuring instruments. Because of general pro-
gress in microwave integrated circuit (IC) technology during recent years,
the price of microwave components has recently been quite comparable with
the price of components (mixers, amplifiers, oscillators, filters, etc.)
operating at much lower frequencies. This is another advantage, since very
often in the past, application of microwave meters was restrained because
of their higher costs. In addition to the progress which has been typical
for other measuring instruments, there are certain developments and recent
enhancements specific for microwave moisture meters. Some of them are
briefly reviewed below.

3.1. Metrological Enhancements

It may be observed from Eq. (7) that the components of the propa-
gation constant, a and (3, are dependent upon the relative permittivity of
the moist material. Since the relative permittivity in turn depends on moist-
ure content &, density p, and temperature T, the components can be written
in a general form:

a= wl(é> P, T) and B: LAUZ(E’ P, T) (9)

According to the definition of Eq. (3) and expression in Egs. (8) and (9),
the components of the propagation constant can be easily expressed in terms
of measured variables 4 and @, as

A=®yk,g, T) and @=Dyk, g, T) (10)

These two equations can be solved to express the partial densities of water
and dry material in terms of measured variables:

k=Wi(A4,9,T) and g=Wi(4,¢,T) an

In general, this operation known as an inverse problem, can be very complex
and uncertain, but in the case of moisture content in most materials, it can
be quite simple. Thus, the moisture content can now be expressed as:

— qu(aa (p’ T)
l'I'}l (A’ qa T) + qJZ(Aa q)a T)

¢ (12)
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which contains only the wave variables, 4 and ¢, and temperature 7, deter-
mined experimentally. Also the density of the wet material

p=Wi4, 0, T)+ W4, ¢, T) (13)

can be determined at the same time. Thus, the density of moist material is
no longer a disturbing factor in the moisture content measurement, but it
can be determined during this measurement and used for other purposes in
a technological process. Identification of the relationships (12) and (13) is
called the calibration of the measuring system. It has been suggested recently
[16] that carrying out the measurements of two wave parameters at two
different frequencies should allow determination of four variables, for
example, moisture content &, bulk density p, temperature of the material 7’
and material layer thickness d. Selection of two appropriate frequencies
remains to be determined for any given material.

In a search for more efficient and accurate ways of instrument cali-
bration, other approaches were also explored. Artificial neural networks
seem to be especially useful [17]. An artificial neural network is a collection
of simple interconnected analog signal processors, providing a mathematical
structure that can be trained to map a set of inputs to a set of outputs. The
inputs are the measured data of 4 and ¢, and the output is the value of
moisture content, é. For experimental data taken in free space at eight
frequencies between 10.3 GHz and 18.0 GHz for wheat in the moisture con-
tent range from 10% to 19% and at temperatures between —1°C and 42°C
[18], the standard error of calibration was 0.135% moisture. When the net-
work was trained using only the amplitude of the transmission coefficient
measurements as the inputs, the value increased to 0.219%. This is an import-
ant observation, because eliminating the need for the phase measurements
greatly reduces the complexity of the hardware required to make the measure-
ments. Application of principal component analysis [19] and partial least-
squares regression [20] to the same set of experimental data provided standard
errors of performance, of 0.232% and 0.210%, respectively. One should keep
in mind, however, that the average spread of moisture content in triplicate
10-gram samples determined by the standard oven method for wheat (130°C
for 19 hr) was 0.176% moisture with standard deviation of 0.077% moisture
[21]. The interesting conclusion of the last study is that for the two-param-
eter measuring system, using more than one operating frequency does not
improve the predicted accuracy of moisture content measurement.

For some time now, the concept of a density-independent function
has been considered a vital way of limiting the density effect in moisture
content measurement [22]. The idea is to find an expression or function, X,
which can be correlated with moisture content, &, in a form

E=ai+bX or E=ar+b,NX+bsX (14)
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providing elimination or serious limitation of the density effect. Originally,
the ratio of the two measured quantities, 4 and ¢, was considered to be
such a function. Later, a permittivity related function was proposed [23,24]
in the form

X=¢"/(g' - 1) (15)

It has been shown [25], that Eq. (15) is a part of the original ratio which in
turn is a linear function of the material loss tangent and can be expressed
as

A/@=ctan 6&' /(e — 1) (16)

where tan = €"/€’', and ¢ is a constant. Because both measured variables
of Eq. (8) are directly proportional to the material layer thickness, the den-
sity-independent function, Eq. (16), can be correlated with the material
moisture content without regard to fluctuations in the material layer thick-
ness d. This is often a valuable feature.

A recently established density-independent function [26] is based on
the observation that in the complex plane, the normalized variables €'/p
and €"/p for all temperatures and moisture contents can be expressed by
the linear equation

€"/p=as(€'/p—bo) 17

where ay is the slope of the line, which depends only upon the operating
frequency, and by is the intercept constant, which, for a given material, has
the same value at all frequencies and corresponds to the density-normalized
zero-moisture material permittivity or to the density-normalized permittivity
of the material at very low temperature. As an example, Figure 1 shows
such a diagram, sometimes called an Argand diagram, for wheat data dis-
cussed above [18]. The density of the material can be calculated from Eq.
(17); thus, the procedure allows simultaneous determination of the material
density and moisture content. The density-independent function for moist-
ure determination can be written as

X= \/tanéz \/a"bo,tanf (18)
p af&‘ —&

The interesting feature of the above relationship is that as more and more
experimental data for grain have become available (for corn, soybeans, oats,
etc.), all variables in Eq. (18) have been found to have similar values, and
since at a given frequency asb, is a constant, one can consider it a universal
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Figure 1. Argand diagram of the normalized effective relative permittivity for wheat at
indicated frequencies and temperatures.

function. It must be stressed that the mentioned commodities have pro-
nounced differences in kernel dimensions, shape, bulk densities and compo-
sition, and the potential for a common calibration equation for moisture
content determination in all of them should motivate further research.

3.2. New Sensors and Transducers

There have been recent developments in microwave moisture sensing
devices related to progress achieved in flat, microstrip, patch antennas [28—
30], as well as to wide application of microwave resonators (cavity and
microstrip) [31,32]. Sensors based on the principle of the reflected wave
measurements are easy to use as they allow one-sided sensing and their
robust construction permits operation at the bottom of concrete mixers, in
walls of chutes, etc. Several open-ended sensors are shown in Figure 2
together with their simplified equivalent circuit. Theory related to the oper-
ation of the conical-tip open-ended probe was presented [33], as well as a
comprehensive study of various probe types [34]. The input admittance of
the sensor is related to the permittivity of the material in which the line is
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Figure 2. Various open-ended transmission line structures used as sensors in microwave moist-
ure content measurements. From the left, microstrip line, coaxial line, cylindrical waveguide
and their simple equivalent circuit.

immersed, and, in turn, the reflection coefficient is a function of the admit-
tance expressed as:
1 - YL .
M= where YL: G+](4)(C/+ ECO) (19)
1+Y,

and G is the conductance and Crand C, are capacitances as shown in Figure
2. One example of a reflection sensor is a microstrip open-ended probe used
for moisture sensing in the production of curd cheese [35]. Changes of moist-
ure content produce changes in the resonant frequency, as shown in Figure
3, where the reflection loss (I expressed in decibels as R, = -201log||) is

0
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Figure 3. Return loss of open microstrip sensor immersed in curd cheese, as a function of
frequency for various curd moisture content [35].
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presented as a function of frequency for various moisture contents in
cheese.

Sensitivity of moisture measurement can be significantly increased by
using resonant structures as sensors. A microwave resonator is a metallic
chamber resonating when the operating wavelength exactly matches its
dimensions. Inserting a dielectric object into the cavity changes its electrical
dimensions and the change can be correlated with the object permittivity
and then with its moisture content. This principle has been used for moisture
and mass determination of single kernels and seeds [36], as well as in bulk
materials up to 5 liters in volume (sugar, pharmaceutical products, grain,
cigarettes, margarine, etc.) measured in laboratory and industrial conditions
[37,38]. A simple cylindrical resonator coupled through loops with external
coaxial lines is shown in Figure 4. The output signal vs. frequency has the
shape of a resonant curve, magnitude of which decreases for increasing
moisture content in the material. The potential accuracy of frequency
measurement has been used advantageously by coupling a pipe conducting
liquid material (e.g., crude oil) into a microwave oscillator circuit in such a
way that variation in water content changes the operating frequency of the
system [39].

Two more interesting concepts should be mentioned here. One is
using the effect of the relative permittivity of the medium on the cut-off
wavelength of a waveguide (see Eq. (5)). For rectangular waveguide this can
be written as A, = ¢/2a/¢e', where ¢ is the speed of light and a the wider
dimension of the waveguide [40]. Thus, when wet material is flowing
through the waveguide, its moisture can be correlated to the attenuation
measured along the waveguide. The second one is applying time-domain
reflectometry (TDR), the technique well established for in situ determination
of water content in soil with two-conductor line, to other granular materials
such as grain [41]. These convenient two-wire sensors in combination with
sharp pulse generating circuitry and precise time measuring devices can be
a valuable complement to the family of high-frequency and microwave
moisture meters.

4. Summary

This review does not pretend to be complete in covering all problems
facing microwave aquametry. It was the intention of the author to show
that microwave aquametry is a dynamic developing branch of metrology,
full of practical potential and many needs for research in various fields of
physics, chemistry and metrology. The truth is that a successful develop-
ment requires not only an adequate microwave technology, but also specific
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Figure 4. Cylindrical resonator and several resonant curves, with amplitude and frequency
decreasing with higher moisture contents [37].

knowledge concerning the material of interest. While the microwave per-
formance of a sensor can be expressed in terms of accuracy of amplitude
and phase measurement, predicting the final accuracy in terms of moisture
content dramatically depends on the properties of the material to be moni-
tored and the particular details of the technological process. As a conse-
quence, there is significant work to be done before making an effective
microwave sensor for a given application.

References

1. Briggs, L.J., 1908, An electrical resistance method for the rapid determination of the moist-
ure content of grain: Bureau Plant Industry Circular, no. 20, U.S. Dept. Agric.



360 Kraszewski

2. Watson, A., 1965, Measurement and control of moisture content by microwave absorption,
in Wexler, A. (ed.), Humidity and Moisture, v. 4, P.N. Winn (ed.), p. 87-93.

3. Kraszewski, A., 1973, Microwave instrumentation for moisture content measurement:
J. Microwave Power, v. 8, no. 3/4, p. 323-336.

4. Benzar, V.K., 1974, Microwave Techniques of Moisture Content Measurements (in
Russian), Minsk, USSR, Izdat. Vysheyshaya Shkola (University Publishers), 349 pp.

5. Kraszewski, A. (ed.), 1980, Microwave aquametry: J. Microwave Power, v. 15, no. 4,
p. 207-310.

6. Pyper, J.W., Buettner, H.M., Cerjan, C.J., Hallam, J.S., and King, R.J., 1985, The
measurement of bound and free moisture in organic materials by microwave methods: ISA
Internatl. Symposium on Moisture and Humidity, Washington, DC, p. 909-917.

7. Kupfer, K., (ed.), 1997, Material Moisture Measurements (in German), Renningen-
Malmsheim, Germany, Expert Verlag, 394 pp.

8. Kupfer, K. (ed.), 1997, 9th Meeting on Moisture Measurement (in German, 9 Feuchtetag),
Weimar, Germany, MFPA University of Weimar, 354 pp.

9. Kraszewski A., (ed.), 1996, Microwave Aquametry, Piscataway, NJ, IEEE Press, 484 pp.

10. Kraszewski, A. (ed.), 1996, Workshop on Electromagnetic Wave Interaction with Water
and Moist Substances. Summaries. IEEE Internatl. Microwave Symp., San Francisco, CA,
145 pp.

11. Kraszewski, A. and Lawrence, K.C. (eds), 1999, Collection of Papers for the Third Work-
shop on Electromagnetic Wave Interaction with Water and Moist Substances, U.S. Dept.
Agric., Athens, GA, 145 pp.

12. Kupfer, K., Kraszewski, A., and Knoechel, R. (eds), 2000, Sensors Update, v. 7: RF and
Microwave Sensing of Moist Materials, Wiley-VCH Verlag GmbH, Weinheim, Germany,
444 pp.

13. Kupfer, K. (ed.), 2001, Proceedings of the Fourth Internatl. Conference on Electro-
magnetic Wave Interaction with Water and Moist Substances, University of Weimar,
Weimar, Germany, 535 pp.

14. Trabelsi, S., Kraszewski, A.W., and Nelson, S.0., 2000, Phase-shift ambiguity in micro-
wave dielectric properties measurements: IEEE Trans. Instrum. Meas., v. 49, no. 1, p. 56—
60.

15. Nelson, S.0., 1981, Review of factors influencing the dielectric properties of cereal grains:
Cereal Chem., v. 58, no. 6, p. 487-492.

16. Kraszewski, A., Trabelsi, S., and Nelson, S.0., 1997, Moisture content determination in
grain by measuring microwave parameters: Meas. Sci. Technol., v. 8, no. 8, p. 857-863.
Also Addendum, ibidem, v. 9, no. 3, p. 543-544, 1998.

17. Bartley, P.G., McClendon, R.W., Nelson, S.O., and Trabelsi, S., 1998, Determining moist-
ure content of wheat with an artificial neural network from microwave transmission
measurements: IEEE Trans. Instrum. and Meas., v. 47, no. 2, p. 123-125.

18. Kraszewski, A.W., Trabelsi, S., and Nelson, S.O., 1996, Wheat permittivity measurement
in free space: J. Microwave Power and Electromag. Energy, v. 31, no. 3, p. 135-141.

19. Archibald, D.D., Trabelsi, S., Kraszewski, A.W., and Nelson, S.O., 1998, Regression
analysis of microwave spectra for temperature-compensated and density-independent
determination of wheat moisture content: Appl. Spectroscopy, v. 52, no. 11, p. 1435-1446.

20. Ben Slima, M., Morawski, R.Z., Kraszewski, A.W., Barwicz, A., and Nelson, S.O., 1999,
Calibration of a microwave system for measuring grain moisture content: IEEE Trans.
Instrum. Meas., v. 48, no. 3, p. 778-782.

21. Kraszewski, A.W., Trabelsi, S., and Nelson, S.0., 1998, Simple grain moisture content
determination from microwave measurements: Trans. Am. Soc. Agriculture Engrs., v. 41,
no. 1, p. 129-134.



Microwave Aquametry: An Effective Tool for Nondestructive Moisture Sensing 361

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kraszewski, A. and Kulinski, S., 1976, An improved microwave method of moisture con-
tent measurement and control: IEEE Trans. Industr. Electron. and Control Instrum.,
v. IECI-23, no. 4, p. 364-370.

Meyer, W. and Schilz, W., 1980, A microwave method of density independent determi-
nation of moisture content in solids: J. Phys. D, v. 13, p. 1823-1830.

Kraszewski, A., Trabelsi, S., and Nelson, S.0., 1998, Comparison of density-independent
expressions for moisture content determination in wheat at microwave frequencies: J.
Agric. Eng. Research, v. 71, p. 227-237.

Trabelsi, S., Kraszewski, A.W., and Nelson, S.0., 1997, Simultaneous determination of
density and water content of particulate materials by microwave sensors: Electronics
Letters, v. 33, no. 10, p. 874-876.

Trabelsi, S., Kraszewski, A.W., and Nelson, S.0., 1999, Unified calibration method for
nondestructive dielectric sensing of moisture content in granular materials: Electronics
Letters, v. 35, no. 16, p. 1346—1347.

Trabelsi, S., Kraszewski, A.W., and Nelson, S.0., 2000, Universal microwave moisture
sensor for granular materials. Am. Soc. Agriculture Engrs. Paper no. 003061, p. 11.
Pozar, D.M. and Schaubert, D.H. (eds.), 1995, Microstrip antennas, Piscataway, NJ, IEEE
Press, 431 pp.

Volgyi, F., 1993, Microstrip antenna array application for microwave heating, Proc. 23rd
European Microwave Conf., Madrid, Spain, p. 412-415.

Volgyi, F., 2001, Microstrip sensors used in microwave aquametry, in Proceedings of the
Fourth Internatl. Conference on Electromagnetic Wave Interaction with Water and Moist
Substances, University of Weimar, Weimar, Germany, [13], p. 135-142.

King, R.J., 1992, Microwave sensors for process control. Part II: Open resonator sensors.
Sensors, v. 9, no. 10, p. 25-30.

King, R.J., 2000, On-line industrial applications of microwave moisture sensors. Sensors
Update, v. 7: RF and Microwave Sensing of Moist Materials, Wiley-VCH Verlag GmbH,
Weinheim, Germany, p. 109-170.

Keam, R.B. and Holdem, J.R., 1997, Permittivity measurement using a coaxial-line coni-
cal-tip probe: Electronics Letters, v. 33, no. 5, p. 353-355.

Kim, S.-W., Cho, Y.-S., Huyn, S.-Y., and Kim, S.-Y., 2001, A comparative study on the
stability of four different conversion models of the open-ended coaxial probe in Proceed-
ings of the Fourth Internatl. Conference on Electromagnetic Wave Interaction with Water
and Moist Substances, University of Weimar, Weimar, Germany, p. 185-192.

Ball, J.A.R., Horsfield, B., Holdem, J.R., Keam, R.B., Holmes, W.S., and Green, A.,
Cheese curd permittivity and moisture measurement using 6-port reflectometer, Proc. Asia
Pacific Microwave Conf., New Delhi, India, v. 2, p. 479-482.

Kraszewski, A.W. and Nelson, S.O., 1996, Moisture content determination in single ker-
nels and seeds with microwave resonant sensors, in Kraszewski, A. (ed.), Microwave Aqua-
metry, Piscataway, NJ, IEEE Press, p. 177-203.

Herrmann, R. and Sikora, J., 1977, Moisture content measuring with microwave res-
onators, in Kupfer, K. (ed.), Material Moisture Measurements (in German), Renningen-
Malmsheim, Germany, Expert Verlag, p. 291-310.

Gallone, G., Lucardesi, P., Martinelli, M., and Rolla, P.A., 1996, A fast and precise
method for measurement of the dielectric permittivity at microwave frequencies: J. Micro-
wave Power and EE, v. 31, no. 3, p. 158-164.

Scott, B.N., Cregger, B.B., and Shortes, S.R., 1993, Technology for full-range water-cut
measurements, Proc. 25th Offshore Technol. Conf., Houston, TX, p. 279-286.

Jean, B.R., 1996, Guided microwave spectroscopy for on-line moisture measurement of
flowable materials, in Kraszewski, A. (ed.), Microwave Aquametry, Piscataway, NJ, IEEE



362 Kraszewski

Press, p. 123-126; also in Kraszewski, A. and Lawrence K.C. (eds.), 1999, Collection of
Papers for the Third Workshop on Electromagnetic Wave Interaction with Water and
Moist Substance, U.S. Dept. Agric., Athens, Georgia, p. 171-184.

41. Stacheder, M., Koehler, K., and Fundinger, R., 1996, New TDR probes for water content
determination in porous media, in Kraszewski, A. (ed.), Microwave Aquametry, Piscata-
way, NJ, IEEE Press, p. 123-126; also in Kraszewski, A. and Lawrence K.C. (eds.), 1999,
Collection of Papers for the Third Workshop on Electromagnetic Wave Interaction with
Water and Moist Substance, U.S. Dept. Agric., Athens, Georgia, p. 171-184.



